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We have experimentally determined the elastic properties of an individual
multi-wall boron nitride (BN) nanotube. From the thermal vibration
amplitude of a cantilevered BN nanotube observed in a transmission
electron microscope, we find the axial Young’s modulus to be
122 = 0.24 TPa, a value consistent with theoretical estimates. The
observed Young's modulus exceeds that of all other known insulating
fibers. Our elasticity results confirm that BN nanotubes are highly
crystalline with very few defects. © 1998 Elsevier Science Ltd

The discovery [1-4] of various types of nanotubes has
provided fertile ground for both experimental and com-
plementary theoretical studies. For pure carbon nano-
tubes, theoretical calculations predict that electrical
properties range from semiconducting to metallic
depending upon the radius and chirality of the tube
[5, 6]. Similar results are obtained for BC,N and BC,
nanotubules (for BC; the electrical properties of a tube
bundle are in addition sensitive to tube—tube inter-
actions) [7, 8]. In contrast, all BN nanotubes are
predicted [9] to be semiconductors with a uniform
large gap regardless of the radius, chirality, or the
number of walls of the tube. This makes BN nanotubes
particularly useful for applications where a high-strength
fiber of uniform electronic structure is desired. For
carbon and other nanotubes, such application is difficult
as there is presently no successful process for isolating
tubes with similar electrical properties.

High resolution transmission electron microscopy
(TEM) images of carbon, BN and other nanotubes
show clear lattice fringes suggesting a high degree of
crystallinity. Calculations [10, 11] of the elastic
properties of ideal carbon nanotubes predict an
exceptionally high axial Young’s modulus (of order
1-6 TPa) due to the strong in-plane bonding of the
nanostructures. Indeed, recent experiments on both
multi-walled [12, 13] and single-walled carbon nano-
tubes [13] have confirmed these theoretical predictions.
Similar predictions. apply to BN nanotubes where
preliminary calculations [14] indicate for pure BN

nanotubes a Young’s modulus 0.95 times the ideal
carbon nanotube elastic modulus. The exceptional
mechanical strength (and associated high sound velocity,
high thermal conductivity, etc.) of nanotubes, coupled to
desirable electrical properties, presents a unique physical
system.

We here report on measurements to determine the
elastic properties of BN nanotubes. Since measurements
on random collections of nanotubes often do not reflect
single tube properties, experiments on individual nano-
tubes, specifically characterized by TEM, are most
desirable. We thus explored several methods for
measuring the elastic properties of individual nanotubes
in situ inside a high resolution transmission electron
microscope, including measuring the deflection due to
external forces applied to a nanotube (deflections due to
gravitational and ‘‘electron wind’’ forces are negligible);
determining the resonant frequency of a particular tube
by driving it with a forced oscillator; and measurement of
the thermal vibration amplitude of a cantilevered
nanotube. The thermal excitation method is the most
straightforward to implement and is the technique
reported on here. This method has been recently used
by Treacy et al. [12] to measure the Young’s modulus of
multi-wall carbon nanotubes.

BN nanotubes were synthesized by arcing a BN filled
tungsten rod against a water-cooled copper electrode in
an arc-discharge chamber with parameters previously
described elsewhere [3]. This method produced pure
BN multi-walled nanotubes which were characterized
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Fig. 1. Transmission electron micrograph of BN nano-
tube at 300 K. The black arrows identify the supported
base and tip of a long cantilevered nanotube; the tip
region is markedly blurred due to thermally-induced
vibrations of the nanotube. The white arrow identifies
another BN nanotube whose thermally induced vibration
amplitude is too small to be resolved.

by high resolution TEM and electron energy loss spectro-
scopy, confirming the crystalline nature and composition
of the tubules. BN nanotubes synthesized by this
technigue often contain metal particles at the ends, The
BN nanotubes were placed on copper/amorphous carbon
support grids and imaged at 300 K in a high resolution
TEM using 200 keV electrons.

Figure 1 is a TEM micrograph of a BN nanotube
specimen. Two individual BN nanotubes are clearly
visible, both cantilevered over a hole in the support
grid. A short BN tube in the lower right region of the
image (identified by the white arrow) has a clearly visible
metal particle at its tip; the entirety of the tube is in clear
focus indicating a'small thermal vibration amplitude. The
central region of Fig. 1 shows a single long cantilevered
BN nanotube. The base (lower black arrow) of this
nanotube is in clear focus, while closer to the tip region
(upper black arrow) the image becomes successively
more blurred. We performed a focus plane and rotation
study to verify that the blurring of the tip region is
thermal in origin and not due to sample tilt. We also
insured that the image remained unchanged with
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Fig. 2. Line scan analysis of vibrating BN nanotube
image. (a) The placement of the horizontal bars
represents the position at which line scans were taken
on the image of a single BN nanotube (same one as
Fig. 1). (b) Plots of the contrast variation across the
width of the tube at regions near the base and near the tip.

decreasing electron flux (and thus decreasing electron
beam heating), confirming a nanotube sample temperature
close to 300 K.

To quantify the amplitude of the vibration modes of
the nanotube in the image plane, a series of intensity
line scans perpendicular to the nanotube axis was
performed on the micrograph of Fig. 1. Figure 2(a)
indicates the positions of the scans (short horizontal
bars). Figure 2(b) shows two representative intensity
scans, one near the supported base and one near the
nanotube tip. The region of intensity below the baseline
in these traces represents the time averaged intensity
contrast of the vibrating nanotube, from which the
vibration amplitude can be determined. The width of
the nanotube at the base, where the vibration amplitude
falls to zero, is 3.5 nm.

Figure 3 shows the rms transverse nanotube vibration
amplitude as a function of distance from the nanotube
base, determined from a deconvolution of the intensity
line scans from the base line scan. As expected, the
vibration amplitude increases with increasing distance
from the clamped base of the nanotube. Although not
measured, identical nanotube vibrations are expected
in the direction perpendicular to the imaging plane.
Longitudinal (axial) and torsional vibration modes
could not be resolved (as expected). Transverse intensity
scans were also performed on the smaller BN tube of
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Fig. 3. r.m.s. amplitude of oscillation as a function of
position from the base of the BN determined from the
line scans. The solid line shows the best fit using
the normal modes of a thermally-excited cantilever,
equation (6).

Fig. 1; thermally excited vibrations could not be
resolved. Using elastic constants excited for BN nano-
tubes (see below), the maximum vibration amplitude for
this short nanotube is calculated to be on the order of
0.05 nm, beyond our detection limit.

The magnitude and functional form of the vibration
amplitude data of Fig. 3 allow an explicit determination
of the elastic properties of BN nanotubes. Our analysis
is motivated by that of Treacy er al. performed for
multi-walled carbon nanotubes [12]. However, in the
analysis of Treacy et al., the vibration amplitude is
experimentally measured only at one point (the
tube tip), while in our analysis we exploit the full
measurement of the vibration amplitude functional
form. We approximate the nanotube as a cantilevered
Bernoulli-Euler beam of length L with a uniform
circular cross section of outer diameter a, inner diameter
b and mass per unit length u, rigidly clamped at one
end and freely vibrating at the other. The continuum
approximation averages over the discreet B and N
atoms in the longitudinal and radical directions.
However, because of the relatively long nanotube
length and finite shear modulus between concentric
nanotube shells, the error in making this continuum
approximation is small. The displacement u(x, ) of the
vibrating nanotube is described as a superposition of
normal modes

WE D) = D (5D = D 200,$,(x) sin @y, )
n=1 n=1

where 7 is the maximum amplitude and «, is the relative
amplitude of the normal mode ¢,(x) at frequency w,.
The complete set of normalized normal modes of a
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cantilevered beam is given by [15]
1
@, (x) = 5 cosh 8,x — cos 3,x

_ cosh BnL + cos B,L,
sinh 8,L + sin 8,L "

with 8, = 1.8751, 4.6941, 7.8548, 10.996 forn = 1, 2, 3,
4 and approximately (2n — 1)@/2 for n > 4. The Young’s
modulus Y is embedded in the associated frequency
expression

Yl Yr(a* - b*
o0 = B,LP|<r= B.LP % 3

where the second moment of area ] = w(a* — b*)/64 for a
hollow circular cross section [15].

In order to extract a value for Y from the experimental
data, we consider the energy of the system. From the
equipartition theorem, the average kinetic energy in each
available mode is k37/2 where kz is Boltmann’s constant
and T is the temperature. The average kinetic energy of a
given mode is

sinh $3,x — sin an)] , (2)

L
(Exee) =J Wl ) dx
0
L
=nwyz50; f[%(x)]z dx{(sin w,2)?). @
0
Equating equation (4) to kT
8ksT S12L°%k,T )
perzgl — (B,L)?\ Ym(a® — bz
hence
5120%KT |e= 1
1) = M inw,tl. (6
ety = | g b4)[’; Gt sine } ©6)

The equipartition theorem fixes the relative mode
amplitudes: ooy a3 ay...=1:0.16:0.057:0.03....
The amplitudes of higher order modes fall off as ~1/n%
Hence the vibration amplitude profile is dominated by the
first few modes. The higher order modes become
unimportant well before the quantum accessibility of the
modes comes into question; the summation in equation (6)
is ultimately limited at room temperature at n,, = 85
where hw, = kgT.

The solid line in Fig. 3 is a best fit of the rms vibration
amplitude predicted by equation (6) to the experimental
data for the BN nanotube. A reasonable fit is obtained,
supporting the assumptions of the model, the super-
position of normal modes and the applicability of the
equipartion theorem. The model and the experimental
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data reveal the dominance of the first mode in the
response of a cantilevered beam driven by a stochastic
process. From the fit in Fig. 3 (solid line), we find the
maximum rms amplitude of oscillation to be 0.8 nm. This
fit, together with the measured dimensions of the nano-
tube, a = 3.5 nm, » = 2.2 nm and L = 153.8 nm, yields
an elastic modulus of ¥ = 1.22 TPa for the BN nanotube
at T = 300 K. The largest uncertainty in the value of ¥
arises from uncertainties in geometrical dimensions, We
estimate uncertainties in  and b of roughly 0.1 nm and in
L of roughly 0.1 nm. This leads to an uncertainty in the
absolute value of ¥ of order £20%. The vibration
frequency of the fundamental mode of the long BN
nanotube of Fig. 1 is calculated to be w; =~ 2 GHz,

As mentioned previously, BN nanotubes synthesized
by the tungsten-arc techaique often terminate with a
dense metal particle. If we assume the long BN nanotube
of Fig. 1 is terminated by a tungsten particle with a
diameter on the order of the outer tube diameter and
repeat the analysis, the fundamental frequency is
decreased by 17%. However, the BN tube elastic
modulus does not change. This is consistent with the
simplest mass-spring system where the oscillation
frequency depends on the mass and elastic constant of
the spring, but the spring constant is independent of the
mass as long as the spring is within the linear extension
limit.

QOur value of Y = 1.22 = 0.24 TPa for BN nanotubes
is in the range of what has been observed for conducting
multiwalled carbon nanotubes (0.4—4 TPa [12], 1.3 TPa
[13]) and single-walled carbon nanoctubes (4 TPa for a
single single-walled tube and 0.35 TPa for a hypothetical
close-packed array of such tubes, including the *‘space”
between the tubes [13]) and to our knowledge it greatly
exceeds the elastic modulus of any known insulating
fiber. For comparison, Y for fibers of E-glass, Kevlar 49
and silicon carbide are 73.5 GPa [17], 112 GPa [18] and
200 GPa [19], respectively. The BN nanotube Young’s
modulus is 14 times greater than the measured in-plane
modulus of bulk hexagonal BN material [20].
This difference is possibly due to the tube being a
defect-free single crystalline entity while the bulk
hexagonal material is a composite of defected layers.
Our experiment shows the impressive change in elastic
properties of a material due to nanometer scale sample
geometry. Hexagonal BN is well-known for its high
temperature resistance which is expected to carry over
to BN nanotubes. Thus, BN nanotubes have exceptional
thermal, electrical and mechanical properties.
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